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Abstract

Purpose In this study it is investigated whether typical pollution sources cause differences of heavy metal (Cd, Cu, Pb, and
Zn) pollution in the soil-leafy vegetable systems.

Materials and methods Soil and leafy vegetable samples were collected in the fields contaminated by industrial operation
sources (I0S) and organic fertilizer sources (OFS), respectively, in the Yangtze River Delta (YRD) areas. The differences
of heavy metal pollution were compared in soil-vegetable systems contaminated by IOS and OFS (IOS- and OFS-systems).
Those mainly included (1) Cd, Cu, Pb, and Zn contents in soils and vegetables; (2) heavy metal fractions distribution in soils
and their connection with the heavy metal in leafy vegetables; (3) the key influential factor of heavy metal accumulation of
leafy vegetable; and (4) the ecological risk of heavy metal pollution in soil-vegetable systems.

Results and discussion The mean pollution index (PI) of Cd, Pb, Cu, and Zn was 5.05, 1.89, 0.72, and 1.21 in IOS-soils (soils
contaminated by I0S), and 2.51, 0.25, 0.64, and 0.71 in OFS-soils (soils contaminated by OFS), respectively. For PIg>1,
the percentages of Cd were 100% in both sources. The I0S caused more significant Cd and Pb pollution in vegetables, but
OFS induced higher Cu and Zn accumulation. The Cd in soils had a relatively higher bioavailable fraction proportion (the
sum of water-soluble, exchangeable and carbonate-bound fraction), mobility, and transferability in IOS-soils. Nevertheless,
such indicators for Cu and Zn were higher in OFS-soils. Compared with I0S-soils, OFS-soils were characterized by a higher
proportion of metals bound to humic acid and organic matter. Redundancy analysis (RDA) results showed that the accumu-
lation of Cd, Pb, Cu, and Zn in IOS-vegetables (vegetables contaminated by IOS) was mainly controlled by F3-Cd, F5-Pb,
F5-Cu, and F3-Zn in soils, respectively. Moreover, F1-Cd, F4-Pb, F2-Cu, and F2-Zn could be the dominant influential fac-
tors of Cd, Pb, Cu, and Zn absorption by OFS-vegetables (vegetables contaminated by OFS), respectively. Risk assessment
results revealed that the IOS-systems had higher heavy metal pollution level than OFS-systems.

Conclusions The source of heavy metals is one of the main factors for the mobility and transfer of heavy metals in the soil—
plant systems. There are obvious differences in pollution characteristics between I0S- and OFS-soils. Compared with OFS,
I0S caused the more serious ecological risk of heavy metal pollution to the soil-vegetable systems.

Keywords Heavy metals,.Vegetable soils - Industrial operation sources - Organic fertilizer sources - Bioavailability - Soil—
plant transfer factor

1 Introduction

Heavy metals have attracted much attention in recent
years due to high bioavailability, long-term toxicity, and
non-degradability (Meng et al. 2019). Various pollution
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system (Yi et al. 2018). Crops with high heavy metal con-
tent pose a serious threat to human health through the food
chain (Zhang et al. 2018). In China, the great demand for
vegetables consumption results in a massive cultivation,
which might lead to heavy metals pollution (Li et al.
2018c). Thus, the quality and security of the vegetables
are of great concern.

The discharge of industrial wastes is an important
source of soil heavy metal pollution. In fact, in some soils
polluted by the discharge of industrial wastes, heavy metal
contents obviously exceeded the environmental quality
standards (Liao et al. 2016; Meng et al. 2019; Wu et al.
2012). For example, Pb and Hg content of leafy vegetable
samples from industrial operation sources exceeded food
safety standards by 47% and 7%, respectively (Li et al.
2018c). Livestock manure has been used as the main raw
material for organic fertilizer production to increase plant
yields and improve soil quality for a long time (L1i et al.
2018a; Shan et al. 2016). However, the long-term use of
organic fertilizer has become one of the major sources of
heavy metals in agricultural soil (Guo et al. 2018). The
mean contents of Cd, Cu, and Zn of greenhouse soils with
organic fertilizer application for an average of 8§ years
were 263%, 40%, and 25% higher than the control soil
value, respectively (Bai et al. 2015). Extreme differences
in types, contents, and fractions of heavy metals have been
reported, deriving from different sources. Acid-soluble
fraction proportion of Cd, Cu, and Zn in soils polluted
by electroplating wastewater were high, because of their
high contents present in the wastewater (Xiao et al. 2017).
Huang et al. (2017) reported that the average contents of
Cu and Zn in the commercial chicken manure samples
were very high, and even 10.3% of those samples exceeded
the limit set for Cd. The fractions of Cu and Zn in pig
manure were mainly concentrated in the acid-soluble and
reducible fractions (Zeng et al. 2018). Thus, the different
pollution source may result in a larger difference in the
concentration and chemical speciation of heavy metals in
soils. High contents of Cd, Pb, and Zn were found to be
effective in industrial operation sources (I0S) soils, while
Cd, Cu, and Zn were the main contaminants in soils under
long-term organic fertilizer application (OFS) (Dong et al.
2019; Yi et al. 2018). Organic fertilizer could immobilize
heavy metals by adsorption or reduction of available frac-
tions in polluted vegetable fields (Hao et al. 2007). Appli-
cation of pig manure increased significantly the contents
of organic-bound Cu and Cd but declined the amounts of
these metals in available forms in soils (Mohamed et al.
2010). Previous studies have assessed the occurrence and
fraction distribution of heavy metals in vegetable soils but
focused only on the areas polluted by a single pollution

@ Springer

source. However, little attention has been given on whether
typical pollution sources cause differences of heavy metal
fractions’ distribution in soils.

The mobility, bioavailability, and toxicity of heavy
metals in soils depend on their specific chemical forms
and their binding state. Many studies have reported that
the water-soluble, exchangeable, and carbonate-bound
fractions are labile and bioavailable and may be directly
absorbed by plants (Zhao et al. 2011; Zeng et al. 2011).
There was a significant positive correlation between Cd,
Cu, and Zn contents of edible parts of crops (including
rice and leafy vegetables) and the exchangeable Cd and Zn
contents in IOS-soils, respectively (Liao et al. 2016). Non-
labile parts (humic acid-bound, Fe and Mn oxide-bound,
and organic matter-bound) of heavy metals in soils are con-
sidered as slowly-available heavy metals which could be
again released under suitable conditions and absorbed by
plants (Zhang et al. 2018; Zhao et al. 2011). Speciation of
heavy metals input by pollution sources is mainly affected
by heavy metals aging in soil and soil properties. The bio-
availability in most of the heavy metals is high in acidic soil
but gets lower in alkaline soil (Zheng et al. 2020). Organic
matter and cation exchange capacity (CEC) have been indi-
cated to bear the effect on the bioavailability of heavy met-
als in soils (Qian et al. 2018; Yu et al. 2018). Most previous
studies focused on the influence of the soil properties and
labile fraction of heavy metals in soil on mobility or bio-
availability (Hao et al. 2007; Liao et al. 2016; Wan et al.
2020; Zheng et al. 2020). However, there are few studies
that have discussed the contribution and respective effect
of different metal fractions and soil properties on heavy
metal accumulation in soil-vegetable system, especially
humic acid-bound, Fe and Mn oxide-bound, and organic
matter-bound fractions.

Vegetables are more susceptible to different pollution
sources (Yi et al. 2018). Actually, there are only a few stud-
ies on the heavy metal pollution features in soil-vegetable
systems polluted by different sources, which were the main
objective of the current study. Soil-vegetable systems pol-
luted by IOS and OFS in the YRD were chosen to fulfill
the objective using the following steps: (i) to determine the
heavy metal contents in soils and vegetables polluted by IOS
and OFS; (ii) to clarify the distribution characteristics of
heavy metal fractions in IOS- and OFS-soil and to reveal
its relationship with the heavy metal in the edible vegetable
parts; (iii) to explore the major influential factor of heavy
metal accumulation on leafy vegetables; and (iv) to evaluate
the ecological risk of heavy metals in soil-vegetable sys-
tems polluted by IOS and OFS. The results are essential for
improving the accuracy of heavy metal source analysis and
the effective treatment of heavy metals in the future.
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2 Materials and methods
2.1 Sampling areas

Leafy vegetable fields contaminated by IOS and OFS were
chosen in the areas of the YRD (Fig. 1). Sampling sites of
IOS in fields were selected nearby of a Pb—Zn mine in Qixia
(QX), a steel factory in Bangiao (BQ), a smelter in Xushe
(XS), a Cu-mine in Tongling (TL), and from OFS fields
located in Tongjiangji (TJJ), Zhuzhuang (ZZ), Dongyue
(DY), and Huaiyuan (HY), respectively (Fig. 1). These
industrial zones had operated for more than 30 years. OFS-
samples were collected from organic farms where organic
fertilizer was applied for more than 5 years. Table S1
describes the detailed addresses of the sampling sites.

2.2 Sample collection and chemical analysis
2.2.1 Sample collection

Samples were collected from December 2018 to April 2019.
Three plants for the same species were taken and combined
into one sample. The species of leafy vegetables in sampling
sites are listed in Table S1. Rhizospheric soils were col-
lected by light shaking plant root with hand (Phillips and
Fahey 2000), air-dried at room temperature, and sieved by
10-mesh and 100-mesh, respectively. Plant tissue including
root and aboveground part was washed many times with tap
water, three times with ultrapure water, and weighed after
drying at room temperature, and dried at 105 °C for 30 min
to deactivate enzymes, then dried at 65 °C until constant dry
weight. The leafy vegetable samples were ground (<2 mm)
in a grinder.

Fig. 1 Sampling areas of this study

2.2.2 Sample analysis methods

Soil pH was determined with a pH meter (Mettler Toledo,
Switzerland) in a 1:2.5 soil:water suspension. The SOM con-
tent was measured through the K,Cr,0,-H,SO, digestion
method. Soil CEC content was determined by the ammo-
nium acetate exchange method (Lu 2000). Particle size
distributions (clay < 0.002 mm, silt=0.002-0.05 mm and
sand =0.05-2.00 mm) was measured by the hydrometer
method (Bouyoucos 1951). The soil basic properties are
shown in Table S2.

Total heavy metal concentrations (Cd, Pb, Cu, and Zn)
of soil and vegetables were detected with the methods
described by Cui et al. (2011). The chemical fractionation
of metals was further measured by a sequential extraction
method (CGS 2005). The seven sequential extraction steps
were carried out as follows. Water-soluble fraction (F1)
— 2.5-g air-dry soil sample by ultrapure water in ratio 1:10
(w/v), ultrasonic digestion for 30 min; exchangeable frac-
tion (F2) — 25 ml 1 M MgCl, at pH 7.0, ultrasonic diges-
tion for 30 min; carbonate-bound fraction (F3) - 50 ml 1 M
NaOAc/HOAc, pH 5.0 for 6 h; humic acid-bound fraction
(F4) — 25 ml 1 M Na4P,0-,/HNO; at pH 10.0 for 4 h; Fe and
Mn oxide-bound fraction (F5) — 50 ml 0.25 M HONH;CI
and 0.25 M HCI, ultrasonic digestion for 1 h; organic matter-
bound fraction (F6) — H,0,/HNO; at pH 2 for 10 h; and
residual fraction (F7) — digested with a mixture of HCI,
HNO;, HCIO, and HF for 4 h for Cd, Pb, Cu and Zn.

2.2.3 Sample detection and quality control

The determination of Pb and Cd was determined by the
graphite furnace atomic absorption spectrometry (GFAAS,
SectrAA 220Z, Varian, USA); Cu and Zn were measured by
atomic absorption spectrophotometer (FAAS, Beijing Puxin
TAS 986). The analytical quality was controlled by using
the national standard material (GSS-1 and GSV-2), and the
recovery rates ranged from 90.1 to 104.3%.

2.3 Data analysis

Data analyses were performed by SPSS 20.0 IBM, Armonk,
NY, USA), and the graphics were drawn using Origin 2018
(OriginLab, USA) and Canoco 4.5 (Microcomputer Power,
USA). The T-tests were used for data analysis at the signifi-
cant level of P <0.05. Canoco 4.5 was used for redundancy
analysis (RDA) to further assess the relationship between
soil heavy metal fractions and plant metal concentrations
and explore the contribution of different heavy metal frac-
tions on heavy metal accumulation in leafy vegetables. The
metal concentrations in the edible part of leafy vegetables
were set as the response variable, while all 7 heavy metal
fractions and soil properties, including pH, SOM, CEC,
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clay, silt, and sand, were selected as explanatory variables.
Detrended correspondence analysis (DCA) proved that the
first axis’s length for the gradient of the Cd, Pb, Cu, and Zn
contents in leafy vegetables was 0.736, 1.060, 0.693, and
0.716, respectively, showing that the data could continue
further RDA analysis. After running the Monte Carlo test
999 times (P <0.05), the main variables were selected in
RDA analysis.

2.3.1 Heavy metal pollution assessment method

The pollution index (PL) is calculated using the following
equation:

Pl =C,/S; (1)

where C; is the metal (i) content in soil or crop. S; is the
reference value of heavy metal content in soils and vegeta-
bles. The S; in soils is chosen based on the soil environ-
mental quality risk control standard for soil contamination
of agricultural land (GB 15,618-2018) (MEPPRC 2018)
or the background values of heavy metal in the YRD (Wei
and Chen 1991). The S, in vegetables is chosen based on
Food Safety National Standard (GB2762-2017) (MHPRC
2017) except for Cu and Zn which are based on Food Safety
National Standard (GB15199-1994) (MHPRC 1994) and
(GB13106-1991) (MHPRC 1991).

2.3.2 Mobility risk assessments

The Risk Assessment Code (RAC) of mobility and bioavail-
ability of heavy metals in soil is defined as follows (Perin
et al. 1985):

RAC[ = (Cwat,i + Cex, i, + Ccarb,i)/ct,i x 100% (2)

where Cy, ,» Coy ;» and C,,y, ; are the concentration of
the water-soluble bound, exchangeable bound, and car-

bonate bound of element i, respectively; C, ; is the total

concentration of metal i. RAC; is the RAC of metal i value.
The risk level classifications of the RAC are shown in
Table S3.

2.3.3 Transfer factor
TF i1 1s soil-to-plant transfer factors based on bioavailable
(C,vaip) concentrations of heavy metals in soils, which is
defined as follows (Zhang et al. 2018):

TFavail = Cplant/Cavail (3)

where C,,, 18 the concentration of heavy metals in plants
(in fresh weight) and C,,,; is equivalent to the sum of the

F1, F2, and F3 concentrations in soils.

3 Results

3.1 Heavy metal concentrations and fractions
in soils

Soil heavy metal concentrations are shown in Table 1. The
results revealed that heavy metal concentrations in [0S-soils
were significantly higher than that in OFS-soils. The mean
contents of Pb, Cd, Zn, and Cu in soils contaminated by
IOS were 8.25, 2.01, 1.70, and 1.31 times higher than that
of OFS-soil, respectively. Soil heavy metal concentrations
were significantly increased by 1.04 ~19.16 times com-
pared with soil background value (Wei and Chen 1991).
The value of PI; was in an order of Cd>Pb>Zn> Cu in
I0S-soils and Cd >Zn > Cu>Pb in OFS-soils. Based on
the soil environmental quality risk control standard (GB
15,618-2018) (MEPPRC 2018), PI4-Cd, -Zn, and -Pb in
10S-soils increased by 101.2%, 70.4%, and 656% compared
to OFS-soils, respectively.

Soil heavy metal contents and distributions in different
sequential extraction fractions are shown in Table S4 and

Table 1 Concentrations and

¢ A Items  Pollution area  Mean+SD Minimum  Maximum  Plg PIg
single pollution index (PI) of
heavy metals in soils (mg-kg™" cd 10S 1.514+1234a 0.327 5.681 19.16+15.62a 5.05+4.11a
dry wt, n=27) OFS 0.753+0.319b  0.328 1.341 9.54+4.04b  2.51+1.06b
Pb 10S 223.0+252.0a 16.14 908.3 857+9.64a  1.89+2.08a
OFS 27.14+1405b  12.94 64.45 1.04+054b  0.25+0.18b
Cu 10S 6224+2444a 3435 121.4 283+1.15a  0.72+030a
OFS 47.61+2097b 31.71 100.0 224+099a  0.64+0.56a
Zn 10S 287.0+2104a 100.2 1047.4 448+328a  121+0.87a
OFS 168.7+55.0b 1077 3224 2.63+086b  0.71+026b

PI single pollution index based on the soil environmental quality risk control standard for soil contamina-
tion of agricultural land (GB 15,618-2018). PI; single pollution index based on the background values
of heavy metal in the YRD (Wei and Chen 1991). The different letters show the significant differences at

p<0.05
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Fig.2 Percentage of soil heavy metal in each fraction. F1: water-sol-
uble fraction, 2: exchangeable fraction; F3: fraction bound to carbon-
ate; F4: fraction bound to humic acid; F5: fraction bound to Fe-Mn
oxides; F6: fraction bound to organic matter; F7: residual fraction

Fig. 2. The contents of F2-Cd, -Pb, and -Zn in 10S-soils
were 7.40, 19.38, and 2.70 times higher than that in OFS-
soils. On the contrary, F2-Cu in OFS-soils was 2.86 times
higher than that in IOS-soils (Table S4). The percentage of
F2-Cd in soils ranged from 6.24 to 34.17% in which F2-Cd
in IOS-soils was 3.18 times higher than that in OFS-soils.
In contrast, the percentage of F2-Cu (ranged from 0.20 to
3.95%) and F3-Zn (3.92 to 27.51%) in OFS-soils was sig-
nificantly higher than that in I0S-soils (0.07 to 0.75% and
1.74 to 19.36%, respectively). The percentage of F4-Cd,
-Cu, -Pb, and -Zn ranged from 9.98 to 41.99% in OFS-
soils was 2.38, 2.15, 1.17, and 2.78 times higher than that

(1.05 to 39.18%) in 10S-soils. The percentage of F5 and
F7 ranged from 15.89 to 40.60% and 25.94 to 55.31%,
respectively. The percentage of the water-soluble fraction
(F1) was very low, ranging from 0.07 to 0.84%.

The Risk Assessment Code (RAC) is shown in Table 2.
Compared to other metals, the mobility of Cd in soil was
rather strong with RAC of 35.64% and 17.74% in IOS- and
OFS-soils, respectively. The RAC; and RACy, in 10S-
soils were 2.01 and 1.30 times higher than those in OFS-
soils, while RAC, and RAC,, were 1.25 and 1.38 times
higher in OFS-soils than those in I0S-soils, respectively.
Based on the levels of potential metal release risk by RAC
values (Table S3), Cd and Pb in IOS-soils had high and
medium mobility risk, respectively. The Cd and Zn in the
OFS-soils had medium mobility risk, and the other heavy
metals had low mobility risk. The RAC, in OFS-soils
was significantly higher than that in IOS-soils though Cu
had low mobility risk in sampling soils.

3.2 Transfer characteristics of heavy metals
in soil-leafy vegetables

Heavy metal concentrations and pollution index (PI) of the
edible part of vegetables are shown in Table 3. Compared
with OFS, Cd and Pb concentration in vegetable samples
from IOS increased 6.07 and 1.70 times, respectively. In
contrast, Cu concentrations in the vegetable from OFS were
1.59 times higher than that from IOS. There was no signifi-
cant difference in Zn concentration in the vegetable. The
PI of metals in edible parts contaminated by IOS and OFS
were all below 1 except for Cd and Pb from I0S which
were 1.30 and 1.42, respectively.

TF,, i1 of heavy metals is showed in Fig. 3. TF,,;-Cd
and -Cu were higher, and TF,,;-Pb was the lowest.
TF,,,;-Cd in IOS was 2.93 times those in OFS. In contrast,
TF,y.ii-Cu and-Zn in OFS was increased by 61% and 72%,
respectively, compared with I0S. There were no differ-
ences for TF, ,;-Pb between I0S and OFS.

Table 2 Risk assessment

. Items Pollution source Mean +SD (%) Minimum Maximum Risk level*
code (RAC) values of soils
contaminated by I0S and OFS RAC, 10S 35.64+13.77a 10.71 59.84 High
OFS 17.74+9.81b 3.95 37.34 Medium
RAC, 10S 10.03+7.02a 2.51 27.73 Medium
OFS 7.72+3.15a 2.72 16.48 Low
RAC, 10S 2.63+091b 1.29 4.21 Low
OFS 328+1.08a 1.81 5.44 Low
RAC,, 10S 743+4400 2.32 20.37 Low
OFS 10.23+525a 4.65 28.51 Medium

The different letters show the significant differences at p <0.05
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Table 3 The concentrations and

N b Items Pollution source Mean + SD Minimum Maximum Threshold®  PI

single pollution index (PI) of

heavy metals in the edible part cd 10S 0261+0.153a  0.026 0.662 0.20% 130+0.76 a

Sft‘gegetables (mg-kg™ fresh OFS 0.043+0.062b  0.005 0.297 0.20% 0.21+031b

Pb 10S 0.426+0.296a  0.064 1.110 0.30% 1.42+0.99 a

OFS 0.251+0.167b  0.050 0.552 0.30% 0.84+0.56 b

Cu 10S 0.885+0.551b  0.271 2.339 10%%* 0.09+0.06 b

OFS 1.411+0.631a 0550 3.302 10%% 0.14+0.06 a

Zn 10S 7.634+6223a  1.081 19.443 20%% 0.38+0.31a

OFS 9.637+9.056a  2.377 48.512 20%% 0.48+0.45a

Standards of food hygiene for heavy metals were established by the Ministry of Health of China (*:
GB2762-2017; **: GB15199-1994; ***: GB13106-1991). The different letters show the significant differ-

ences at p<0.05

3.3 Major influential factors of heavy metal
accumulation in leafy vegetables

To explore the major influential factors for heavy metal
accumulation in vegetables contaminated by IOS and OFS,
the concentration of heavy metal fractions (F1 to F7), soil
pH, SOM, CEC, clay, silt, and sand was combined in RDA
analysis (Fig. 4). Results of RDA showed that the interpreta-
tion of the two sorting axes reached 74.0%, 82.5%, 50.3%,
and 67.4% in RDA-Cd, Pb, Cu, and Zn, respectively. The
reserved variables could explain 61.7%, 46.7%, 43.2%, and
50.7% of the response variables which were shown in the
first (horizontal axis) sorting axes in RDA-Cd, Pb, Cu, and
Zn, respectively. The results presented that F3-Cd and F1-Cd
were the main influencing factor for Cd uptake in IOS- and
OFS-vegetables, respectively. The influential factors of Cu
uptake were F5-Cu and F2-Cu in IOS- and OFS-vegetables,

10S
3.0 OFS
— Medium line
- s Mean value
2.5 a ¢ Outlier
| @
2.04 —_
= b
& 1.5
Sl
1.0 ¢ b
| b
0.5 é a é
0.0 T I—-_Ll T T T

Fig.3 Soil-plant transfer factors (TF) based on bioavailable concen-
trations of heavy metals in soils contaminated by IOS and OFS. The
different letters show significant differences at p <0.05
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respectively. The F3-Zn and F2-Zn were the major influen-
tial factor of Zn accumulation in IOS- and OFS-vegetables,
respectively. Interestingly, the Pb concentration of vegeta-
bles was a positive and negative correlation with F4 and F6,
respectively, in OFS, and a positive correlation with F5 in
I0S. A negative correlation was shown between OFS-CEC
and OFS-Pb, OFS-pH and OFS-Zn, IOS-SOM, and I0S-Cd.

4 Discussion

4.1 Heavy metals contamination in 10S and OFS
soils

The results showed that heavy metal contents in soils were
significantly increased by 1.31 ~8.25 times compared with
the control soil value. This may be related to heavy metal
inputs from industrial pollution sources. The average con-
tents of Cd and Pb in the industrial sewage sludge samples
were as high as 4.71 mg-kg™! and 123.4 mg-kg~! (Baran
and Antonkiewicz 2017). The concentration of Cd and Pb in
vegetable soils contaminated by mining activity in the Daba-
oshan mine was 4.9 to 9.8 and 1.4 to 1.9 times higher than
China’s environmental quality standard (Liao et al. 2016).
Furthermore, our results demonstrated that the Cd contents
in OFS-soils were all exceeded the reference value. Li et al.
(2018a) showed that soil Cd concentrations were signifi-
cantly increased by 2.75 times under organic fertilizer appli-
cation for more than 10 years. Excessive Cd in feeds can be
excreted from the animal’s body with the livestock manure
(Wang et al. 2013). In addition, our results revealed that Cu
and Zn in OFS-soils showed also significant accumulation
with a relatively low exceeding rate compared to I0S-soils.
Four years of pig manure application resulted in the increase
of Cu and Zn in soil by 61.55% and 86.38% (Qian et al.
2018). This was mainly due to the high concentration of Cu
and Zn in manure caused by the abuse of those elements as
a feed additive in the livestock industry (Qian et al. 2016).



Journal of Soils and Sediments (2022) 22:1735-1745 1741
Fig.4 Contributions of heavy o OFS-F1 o
metal fractions and soil proper- - T I0SF5 ©  |osf3
ties to metals accumulation of OFS:Ph
vegetables. IOS- or OFS-metal
represents the metal content | ] o| 105t
. . o | orscd o~
in the edible part of leafy N \ Iso)
vegetables contaminated by N ‘ To) 1
10S or OFS. I0S- or OFS-FN < @ ~ OFS-F4
represents the metal fraction g 10SF3 g
in 10S- or OFS-soils. I0S- or a @)
OFS-properties represent the o os.som ~ 10SF7 10s-cd o
soil properties in I0S- or OFS-
soils OFS-F6
g IOSF1 Lrol? OFS-CEC
06 RDA1:61.7% 12 -1.0 RDA1:46.7% 08
o o
< ~ OFS-F2
OFSF2
1055 oFSF1 OFS-Zn
\O
X ~~
= oma s 10570 1053
'ﬁ Y. OFS
g 10SF3 g =
E /OSCI/ E
10S-F2
-.rOI? ° OFS-pH
03 RDA1:43.2% 1.2 14 RDA1:50.7% 0.4

Huang et al. (2017) found that the average contents of Cu
and Zn in the commercial chicken manure samples were as
high as 143 mg-kg™! and 331 mg-kg™.

4.2 Heavy metals accumulation in vegetables

The speciation of soil heavy metals varies with the source
of pollution. Results indicated that the higher percentage of
F2-Cd and F3-Cd in soil induced high mobility risk com-
pared to other elements, and the risk of IOS is relatively
high (Fig. 2, Table 2). It has been reported that the percent-
age of the exchangeable fraction of Cd in industrial areas
could be up to 30% (Meng et al. 2019). The bioavailable
fractionation of Cd in soil was over 30% in 10S-soils in
Huaibei industrial areas (Cheng et al. 2018). Wu et al. (2012)
also demonstrated that the percentage of the acid extractable
fraction of Cd reached 12.1-16.2% in agriculture soils with
pig manure application for 17 years. This could be related
to the higher content of bioavailable Cd present in industrial
and agricultural waste. The previous study has shown that
the percentage of the bioavailable fraction of Cd in indus-
try solid wastes was about 40-50% (Moturi et al. 2004).

Irrigation water polluted by IOS was an important source
of Cd at the rate of input flux 8.42 g/hg/y (Hou et al. 2014).
Moreover, Zeng et al. (2018) found that the percentage of the
acid-soluble fraction of Cd in livestock manure was about
26.2-29.0%. However, the mobility risk of Cu and Zn in
OFS-soils was significantly higher than that in I0S-soils
(Fig. 2, Table 2). It had been reported that the percentage
and content of the bioavailable Cu and Zn fraction increased
in soil with organic fertilizer application (Qian et al. 2016).
The contents of exchangeable and adsorbed fractions of
Cu and Zn in soil with pig slurry application for 11 years
were almost 6.5 and 30 times higher than that of control
treatment, respectively, and the proportions of available Cu
and Zn fraction increased by 4.9% and 10.7%, respectively
(Formentini et al. 2015). Zeng et al. (2018) showed that the
percentage of the acid-soluble fraction of Cu and Zn in live-
stock manure was 31.2% and 27.5%, respectively. Compared
with soils without livestock manure application (only 5%
and 10%), the percentage of the acid-soluble fraction of Cu
and Zn in livestock manure was up to 31.2% and 27.5%,
respectively (Xiao et al. 2017; Zeng et al. 2018). In addition,
the decomposition of livestock manure could also increase
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the contents of DOMs and low-molecular-weight organic
acids, which could increase the contents of F1 and F2 frac-
tions of Cd, Cu, and Zn, and consequently promote the accu-
mulation of Cd, Cu, and Zn by vegetables (Almaroai et al.
2012). DOM can form complexes with metals, especially
with Cu and Zn, to increase their solubility and improve
their bioavailability (Li et al. 2013; Michel et al. 2007).

Furthermore, the percentage of humic acid- and organic
matter-bound fractions for heavy metals in OFS-soils was
higher than that of IOS. Since SOM is a heavy metal sink
in soils, it is an environment that can immobilize heavy
metals in stable organomineral formations (Shaheen and
Rinklebe. 2015). Taghipour and Jalali (2020) indicated
that the contents and fractionations of Cd, Pb, Cu, and Zn
increased in organic-bound fractions after the addition of
organic wastes. Decomposition of livestock manure by
microbial activity could increase the contents of soil humic
substances and organic matter and improve the formation of
F4- and F6-metals (Shan et al. 2016). Higher organic matter
in OFS-soil could immobilize the Cd by transformation or
adsorption and thus reduced the Cd mobility risk (Wan et al.
2020). For Cu and Zn, the content and percentage of residual
bound fraction for heavy metals in I0S-soils were higher
than that of OFS. The Cu and Zn in IOS-soils were mainly
combined with iron-bearing minerals and were likely to
enter the mineral lattice through lattice replacement, which
were not absorbed by plants (Mamindy-Pajany et al. 2014,
Yang et al. 2011).

Based on the GB2762-2017, Cd and Pb concentrations in
vegetable samples from IOS were 1.30 and 1.42 times com-
pared with the food safety standards, respectively (Table 3).
A previous study proved that 75% and 47% of leafy vegeta-
bles exceeded the Cd and Pb standards in IOS-soils, respec-
tively (Li et al. 2018c). The concentrations of Pb and Zn
were significantly higher than the food safety standards in
a part of the OFS-leafy vegetables, respectively (Table 3).
The Zn content exceeded the local food safety standards in
lettuce using organic fertilizer (Tandi et al. 2004). Further-
more, the TF,,;-Cd was significantly higher in IOS than that
in OFS, but the TF,,;-Cu and TF,,;;-Zn were significantly
higher in OFS than in IOS (Fig. 3). These results showed
that Cd had relatively higher transfer ability in IOS-systems,
while Cu and Zn in OFS-systems. Since IOS and OFS could
increase the bioavailable fraction content and distribution
of Cd, Cu, and Zn, they determine the heavy metal trans-
fer in the soil-plant system (Cheng et al. 2018; Formentini
et al. 2015; Meng et al. 2019; Qian et al. 2016). These out-
comes were consistent with the previous results of this study
(Fig. 2, Table 2).

The RDA results demonstrated that the major influential
factors for heavy metal uptake in vegetables changed with
pollution sources and soil basic properties (Fig. 4). Overall,
the content of available heavy metal (F1, F2, and F3) was the
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dominant influential factors for vegetable uptake. The bio-
available fraction of heavy metals in soil was a better index
to assess the transfer capacity of heavy metals in soil-crop
systems (Khan et al. 2008). Plants could directly absorb the
water-soluble, exchangeable, and carbonate-bound fractions
of metals in soils, because they were labile and easy to trans-
fer in the soil—plant system (Haider et al. 2021; Zhao et al.
2011). Absorption of Cd and Zn in edible parts of leafy veg-
etables was mainly determined by F2-Cd and F2-Zn in soil,
since they showed a significantly positive correlation (Liao
et al. 2016). Zhang et al. (2018) also found the contents of
Cu and Pb in edible parts of lettuce were mainly controlled
by the bioavailable fraction (the sum of F1, F2, and F3) of
Cu and Pb in soils. F4-Pb and F6-Pb showed a promoting
and inhibiting effect on Pb accumulation in vegetables from
OFS, respectively. F4 and F6 were part of the metals com-
bined with humic acid and higher molecular weight organic
matter, respectively (Zhao et al. 2011). Humic acid could
be decomposed and utilized by microorganisms because of
its smaller molecular size (Plaza et al. 2005), which led to
humic acid-bound heavy metals entering soil solution, and
then had the potential bioavailability (Tang et al. 2015). The
organic matter with a larger molecular size could form a sta-
ble complex or chelate with heavy metals and reduce their
bioavailability (Warne et al. 2008). A previous study found
that Cd and Zn contents of edible parts of leafy vegetables
had a negative correlation with F6-Cd and F6-Zn in soils,
respectively (Fan et al. 2017). Furthermore, F5-Pb and Cu
were the main controlling factors to promote the absorp-
tion of lead and cadmium in vegetables from I0S (Fig. 4).
Heavy metal bound by Fe-Mn oxides was considered to
be the potential source of metal released, which could be
uptaken by plants in acidic environments, even though they
usually form coprecipitate (Zhao et al. 2011). Previous stud-
ies also observed that the fraction bound to Fe—Mn oxides
of metals could become bioavailable because these metals
could be released from Fe—Mn oxides under certain circum-
stances (Agrawal et al. 2016). There was a positive correla-
tion between the Pb contents of edible parts of lettuces and
F5-Pb in soils (Zhang et al. 2018). Fan et al. (2017) also
revealed that Cu and Pb contents of edible parts of leafy
vegetables had a positive correlation with F5-Cu and F5-Pb
in soils, respectively.

Furthermore, the IOS-SOM, OFS-CEC, and OFS-pH
could have certain disincentive effects on the absorption
of Cd, Pb, and Zn by vegetables, respectively. At low pH,
the binding competition of protons with the free posi-
tively charged metal ions (such as zinc) to the soil parti-
cles increases, leading to higher metal concentrations in
pore water (Yu et al. 2016). Soil with higher organic matter
content (SOM) and high cation exchange capacity (CEC)
can improve the adsorption or chelation capacity of heavy
metals and therefore decrease plant uptake (Laborda et al.
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2008). The content of Cd and Pb in crops decreased signifi-
cantly with the increase of SOM or CEC content in soils
(Zheng et al. 2020). Li et al. (2018b) demonstrated that
there was a negative correlation between the SOM content
and the Cd content in edible parts of vegetables because
SOM antagonized the Cd availability for plants’ absorption
through adsorption and formation of stable organomineral
formations. It had been found that humic substances could
immobilize Cd through the formation of complexes with Cd
ions (Yu et al. 2018). Due to the alkalizing effect and high
CEC content of organic fertilizer, soil pH and CEC would
increase with the addition of organic fertilizer, and high soil
pH and CEC could reduce the absorption of metal elements
by vegetables (Qian et al. 2018; Yu et al. 2016).

4.3 Ecological risk of heavy metal pollution in 10S
and OFS systems

In this study, PI and RAC were used to evaluate the ecologi-
cal risk of heavy metal pollution. The pollution degree of
heavy metals in [OS-systems was significantly higher than
that in OFS-systems, especially Cd and Pb (Tables 1 and 3).
The pollution duration by IOS was completely longer than
that by OFS (Bai et al. 2015; Guo et al. 2018; Li et al. 2018c;
Liao et al. 2016). This led to much higher heavy metal inputs
in I0S-soils than that in OFS-soils. Results revealed that
Cd and Pb in I0S-soils had extremely higher metal release
risk potential than that in OFS-soils, respectively (Table 2).
The Cd and Pb in industrial wastes mainly existed in avail-
able fractions (Baran and Antonkiewicz 2017; Moturi et al.
2004). However, the soil organic matter inputs with OFS
could improve adsorption or chelation capacity of heavy
metals and therefore decrease metal release and plant uptake,
especially of highly toxic metals such as Cd and Pb, and
alleviate the ecological risk of heavy metal pollution to a
certain extent (Hao et al. 2007; Wan et al. 2020). Thus, the
ecological risk of heavy metal pollution caused by IOS was
much higher than that caused by OFS.

5 Conclusion

This study provided the analysis of new data based on the
comparison of the pollution characteristics of heavy metals
contaminated by IOS and OFS in the YRD. The Cd was the
main metal pollutant in both IOS- and OFS-soils. IOS-soils
were more severely contaminated by Cd, Cu, Pb, and Zn.
The source of heavy metals is one of the major factors for the
fraction distribution of heavy metals in soils. Heavy metal
concentrations in vegetables were collectively determined
by the fractions of soil heavy metals and soil properties, but
they were mainly determined by the fractions of soil heavy
metals, which could be further characterized by the pollution

sources. For the mobility and transfer of heavy metals in the
soil-vegetable systems, the source of heavy metals is one of
the key factors. In general, IOS caused the severe ecological
risk of heavy metal pollution to the soil-vegetable systems,
as compared to OFS.
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